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abstract  on  tidm  it  ntcomamry  mnd  hy  btock  mmbbr) 

“The  near  static  friction  behavior  of  ball  bearings  and  other  devices  can  b«* 
described  by  the  author's  mather  latical  model  of  solid  friction.  Three  or  mort 
parameters  used  in  the  model  need  to  be  defined  for  a particular  bearing  that 
may  be  employed  in  a motor /load  system  design.  At  present,  little  or  no 
data  are  available  to  define  these  parameters,  and  there  is  also  little  or  no 
information  on  the  subject  of  test  nictho/ls  for  obtaining  solid  friction  niod»*l 
parameter  data.  This  paper  presents  the  results  of  some  tests  performed  to 
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ABSTRACT  (Contin%»0d) 

measure  the  solid  friction  parameters  of  ball  bearings.  The  test  method  is 
described,  and  typical  test  data  are  shown.  The  method  of  data  reduction  is 
based  on  the  analytical  quasi-static  model  and  is  described  in  some  detail. 

Friction  model  parameter  results  are  presented  for  a 2-1/2  in.  OD  duplex 
tearing  pair  with  preloads  in  the  range  from  6 to  36  lb. 
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measurement  of  solid  friction  parameters  of  ball  bearings 


P.  R,  Dahl 

The  Aerospace  Corporation 
ET  Segundo,  California 


I.  INTRODUCTION 

A schematic  of  an  electric  motor  gearbox  and 
inertia  load  is  shown  in  Figure  1.-  Tlie  system 
block  diagram  can  be  depicted  as  in  Figure  2 
where  the  electrically  generated  torque  drives 
the  motor  inertia  which,  in  turn,  applies  torque 
through  the  gearbox  to  the  load  inertia.  The  motor 
electromechanical  characteristics  such  as  back 
EMF  and  torque  constant  are  not  shown  in  this  dia- 
gram. Three  forms  of  friction  are  present:  vis- 
cous friction,  solid  friction,  and  magnetic  hyster- 
esis "friction."  The  first  form,  viscous  friction, 
is  so  familiar  it  needs  no  description  here.  The 
second  form  is  commonly  called  Coulomb  friction 
or  "stiction, " and  is  referred  to  in  this  paper  as 
Solid  Friction  or  SF.  A solid  friction  model  (SFM) 
that  aptly  describes  this  type  of  rolling  friction 
was  devised  recently  [1,  2,  3].  It  has  the  appear- 
ance shown  in  Figure  3 and  will  be  described  later 
in  this  discussion.  The  third  form  is  a hysteretic 
drag  torque  produced  by  the  permanent  magnets  and 
iron  in  the  motor.  According  to  B.  G.  King  (4,  S], 
it  is  convenient  tc  think  of  this  as  a friction  torque. 
It  can  be  modeled  in  much  the  same  way  as  bearing 
solid  friction  torque,  independent  of  the  electromag- 
netic impressed  torque,  as  long  as  the  permanent 
nsagnets  are  not  demagnetized  significantly  by  the 
motor  windings  when  current  is  applied. 

The  motor  angular  rate  is  input  tc  the  gear- 
box, as  is  the  load  angular  rate  reflected  through 
the  gears,  to  obtain  the  relative  rate  with  respect 
to  the  gearbox  input.  This  relative  rate  is  ampli- 
fied by  the  gear  ratio  to  obtain  the  relative  rate 
with  respect  to  the  output  shaft.  This  rate  is  then 
integrated  to  get  the  angular  deflection  through  the 
gearbox  and  output  shaft.  Most  of  the  torque  ap- 
plied to  the  load  is  that  transmitted  through  the  box 
and  shaft  linear  stiffness  K.  In  parallel  with  the 
gear  shaft  stiffness  is  another  solid  friction  model 
that  takes  into  account  the  hysteresis  friction  of  Uic 
gca>-box.  Torque  is  also  applied  to  tlie  load  through 
this  friction.  The  shape  of  a typical  harmonic 


drive-type  gear  and  shaft  st.liness  and  solid  fric- 
tion characteristic  without  backlash  is  shown  in 
Figure  4.  The  case  of  backlash  with  hysteretic 
friction  is  more  difficult  to  simulate,  but  some 
success  has  been  attained  by  omitting  the  linear 
spring  and  using  the  friction  slope  model  sketched 
in  Figure  5.  This  gives  the  characteristic 
sketched  in  Figure  6 where  the  nominal  stiffness 
is  a and  the  backlash  region  has  a soft  stiffness  of 

To  obtain  experimental  data  on  the  static 
stiffness  and  solid  friction  hysteresis  of  the  gear- 
box as  shown  in  Figures  4 and  6,  the  angle  mea- 
surements should  be  taken  on  the  output  shaft  of 
the  gearbox  with  U>e  input  shaft  locked. 

Completing  the  description  of  Figure  2,  the 
sum  of  the  linear  stiffness  torque  and  the  gear 
solid  friction  torque  less  the  load  viscous  and 
solid  friction  is  what  drives  the  lead  inertia.  It 
is  frequently  found  that  the  gear  hysteretic  friction 
provides  a very  significant  amount  of  damping  to 
the  system. 

Solid  friction  as  well  as  magnetic  "friction" 
is  seen  to  enter  the  system  in  very  significant  ways. 
We  shall  show  how  each  of  these  friction  sources 
can  be  modeled  using  three  friction  model  param- 
eters (for  each  SFM).  If  a friction  source  or 
sources  cannot  be  modeled  accurately  by  a single 
SFM.  multiple  SFMs  added  in  parallel  can  be  used. 
In  the  following  discussion,  as  an  example,  it  is 
shown  hew  ball  bearing  friction  parameters  are 
exjierimentally  obtained.  Test  methods  similar  to 
those  discussed  here  can  be  used  to  determine 
parameter  values  for  the  other  solid  friction 
sources.  Raw  and  reduced  test  data  for  bearings 
are  shown, 

U.  SOUP  FRICTION  MODEL  PARAMETERS 

The  mathemf.tical  model  of  solid  friction  is 
based  on  deriving  the  friction  torque  T(6t  t)  or 
force  F(x,  t)  from  the  time  derivative  of  the  fric- 
tion that  is  a function  of  x,  the  angular  or  linear 
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reJativu  displacfmunt  betv.2en  system  elements, 
and  time  t. 


dF(x,  ■)  dF(x)  _ ^ 
dt  ' dx  dt 


(1) 


Then,  integrating  Eq.  (1)  with  "espert  to  time  t 

F(x.t)  =/igpif  dt  (2) 


The  derivative  of  friction  force  with  respect  to 
deflection  dF/dx  is  referred  to  as  the  friction 
slope  function.  It  was  found  empirically  [2]  to  be 
generally  expressible  as 

F • I* 

- -jr-  sgn  xj  • S (3) 

‘ r-  \ 


f =H‘ 


where 

sgn  X = sgnl^j  = ±1  for  ± velocities, 

' respectively 

a = rest  stiffness  parameter 

F = Coulomb  friction  level 
parameter 

i = SFM  exponent  parameter 
S = stabilizing  factor,  such  as 

|Sgn  (l  - SR"  *)j 

simulation  work.  If  i = i, 
then  S = 1 works. 


The  slope  functions  are  defined  for  F/F  be- 

c 

tween  ±1  and,  although  it  is  not  theoretically  pos- 
sible for  |F|  to  exceed  F^,  use  of  a stabilizing 
factor  S is  required  in  some  simulations  to  protect 
against  inst2d>ility  that  might  occur  as  a result  of 
factors  such  as  computational  roundoff. 


The  friction  slope  functions  appear  as  shown 

in  Figure  7 for  various  values  of  i for  positive 

velocity  x>  0.  The  curves  for  negative  velocity 

X < 0 are  symmetric  with  the  curves  shown  about 

the  vertical  axis  F/F  =0. 

c 

Integration  of  Eq.  (3)  gives  the  general  fric- 
tion force-deflection  function.  ' In  this  paper,  con- 
sideration is  given  to  the  cases  where  the  SFM  ex- 
ponent parameter  is  set  equal  to  1.0  and  2,0 
because  tike  bearing  friction  data  presented  show 
that  this  parameter  lies  in  this  range  and  because 
there  is  an  advantage  in  simulation  and  analysis 
using  integer  exponents.  The  case  of  i = 3/2  ap- 
proximates the  best  fit  for  the  bearing  data. 
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Integrating  Eq.  (3)  with  respect  to  x with 
sgn  X = +1  and  using  the  initial  condition  Fix) 
0 at  X = 0,  we  get 


F 

F 

c 


i) 


(4) 


where 


X 

c 


(5) 


is  the  characteristic  displacement  or  knee  of  the 
force-deflection  curve.  Note  that  if  i < 1,  E^.  (4) 
is  valid  for  x/x^  <(1/(1  - i))  and  F /F^  = 1 for 
x/x^  > (1/(1  - i». 

For  i = 1: 


Fori  = 2: 


X JL_ 

F ■ X + X 
c 


c 


(8) 


The  knee  parameter  cam  be  regarded  as  an  SFM 
parameter  derivable  from  Bo.  (5)  if  F^  and  a are 
determined.  In  any  case,  two  of  the  three  param- 
eters in  Eq.  (5)  need  to  be  found  from  experimen- 
tal data. 

The  shapes  of  the  force-deflection  functions 
given  above  for  positive  velocity  x > 0 are  evident 
in  Figure  8.  When  the  motion  is  reversed,  x < 0 
and  the  same  shape  curves  are  retraced  in  the 
negative  direction.  Ti'.e  SFM  parameters  are  to 
be  determined  for  the  ball  bearings  from  data  that 
have  the  appearance  of  the  curves  in  Figure  8. 

m.  TEST  METHOD 

Basically,  two  test  methods  are  available  for 
use  in  determining  the  solid  friction  parameters: 
static  force-displacement  or  torque-angular  de- 
flection tests,  and  second-order  oscillation  decay 
tests.  In  both  methods,  the  phenomenon  to  be  ob- 
served in  the  test  is  hysteresis.  In  the  first 
method,  the  hysteresis  loop  is  measured  directly. 
In  the  second  method,  it  is  indirectly  determined 


by  nieasuring  the  rate  of  damping  of  a spring-mass 
tyr-e  of  oscillator,  as  the  rate  of  damping  is  re- 
lated to  the  hysteretic  energy  dissipation  per  cy- 
cle. Due  to  time  and  space  limitations,  the  sec- 
ond method  is  not  discussed  further;  the  reader  is 
referred  to  References  2 or  3 for  background 
theory.  However,  measurement  methods  are  not 
treated  in  these  references. 

The  test  setup  for  the  static  test  method  for 
bearing  tests  that  have  been  perfor^ned  at  The 
Aerospace  Corporation  is  shown  in  Figure  9. 

Bearing  Test  Fixture 

The  bearing  test  fixture  is  shown  schemati- 
cally in  Figure  9 with  two  angular  contact  bearings 
back  to  back.  A spacer  between  the  two  bearing 
outer  races  gives  a load  path  through  the  outer 
races  and  assures  sepaiation  of  the  inner  races. 
The  bearing  inner  races  have  a sliding  fit  to  the 
fixture  shaft,  ttnd  are  axially  loaded  by  means  of 
the  inner  race  loading  flange  which  has  the  pre- 
load applied  via  the  springs  between  tl.e  sliding 
flanges.  The  preload  is  adjustable  with  the  ad- 
justment nut  or  the  left  end-bolt  on  the  shaft  that 
retains  the  left  bearing  inner  race.  Preload  can 
be  calibrated  with  deflection  x or  calculated  if  the 
spring  constant  of  the  springs  is  known.  Gener- 
ally, the  surface  friction  with  preload  is  sufficient 
to  prevent  relative  rotation  of  the  bearing  inner 
races,  preload  flanges,  springs,  and  shaft  assem- 
bly. However,  care  was  taken  to  assure  that  this 
was  the  case.  Guide  pins  or  other  means  can  be 
employed  between  the  preload  flanges  to  assure 
free  relative  axial  motion  but  prevent  relative  ro- 
tational motion  between  the  flanges.  The  outer 
races  were  lightly  fastened  with  small  set  screws 
to  a mounting  adapter  that  mounts  on  the  head  of 
the  torque  meter.  A coupling  on  the  inner  race 
drive  shaft  was  used  to  connect  the  bearing  test 
fixture  to  the  drive  servo. 

Torque  Meter 

The  torque  measuring  device  used  was  a 
McFadden  Electronics  Co.  Servo  Torque- Balance 
Reaction  Dynamometer  Moael  1 17A.  The  mounting 
head  or  platform  is  air-bearing  supported  for 
axial  and  radial  loads.  When  a torque  is  applied 
through  the  bearing  test  fixture  to  the  head,  a 


small  angular  displacement  occurs  that  if  sensed 
by  a feedback  position  transducer  which  sends  a 
signed  to  a control  and  power  electronics  unit  that 
supplies  current  to  a torquer.  The  torquer  output 
reacts  against  the  input  applied  torque  to  provide 
a balance.  The  stiffness  of  this  closed-loop  servo 
torque  meter  was  measured  to  be  about  0.015  in- 
oz/arc-sec,  or  0.28  ft-lb/deg,  which  was  about 
an  order  of  magnitude  stiffer  than  the  rest-stiff- 
ness of  the  bearing  being  tested.  The  torque  me- 
ter has  three  ranges:  0 to  2,  0 to  20,  and  0 to 
200  in-oz.  It  was  used  on  the  0 to  20  in-oz  scale. 

Meter  accuracy  was  specified  at  ±2%  (of  full 
scale)  on  each  range  with  the  threshold  to  be  less 
than  0.001  in-oz.  A nonlinearity  was  found  to 
exist  at  n'zll,  and  an  unbalance  weight  was  mounted 
on  the  head  to  cause  a bias  torque  so  that  the  bear- 
ing torque  excursions  operated  in  a linear  region 
of  the  torque  meter.  In  addition,  the  torque  meter 
was  indicated  in  a test  to  exhibit  a torque  reading 
output  hysteresis  change  of  0. 1 in-oz  when  the 
direction  of  motion  was  reversed.  These  error 
sources  were  considered  negligible  for  the  bear- 
ings tested. 

Drive  Servo 

The  drive  servomotor  was  used  to  drive  the 
inner  races  of  the  ball  bearings  in  an  oscillatory 
manner  in  order  to  trace  out  a hysteresis  loop 
similar  to  one  of  those  shown  in  Figure  8.  The 
input  to  the  servo  was  a triangular  waveform  volt- 
age from  an  electronic  function  generator  set  at 
0.05  Hz.  This  frequency  was  well  below  the  band- 
width of  the  torque  meter  (~  10  Hz)  and  x-y  plotter 
used  t',  record  the  data,  and  it  gave  angular  rates 
well  below  those  where  viscous  friction  effects 
would  become  troublesome.  The  triangular  wave- 
form was  found  to  give  better  results  than  a sine 
waveform  because  slight  noise  in  the  system  at  ths 
near-zero  angular  rate  part  of  the  sine  wave  cyne 
would  act  as  jitter,  giving  short  rate  reversal  '--y- 
cles  that  would  jog  the  torque  toward  zero.  The 
sudden  rate  reversal  of  the  triangular  -waveform 
minimizes  this  effect  because  the  forward  and  re- 
verse rates  are  maintained  high  relative  to  the 
noise  rates  except  at  the  instant  of  rate  reversal. 

The  motor  used  was  an  Inland  D.  C.  brush- 
type  torquer  with  a stall  torque  of  7.  5 ft-lb.  The 
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power  amplmt  r \.'as  also  an  Inland  unit.  A Baldwin 
18-bit  jneremental  encoder  was  mounted  on  the 
motor  and  coupled  directly  to  the  motor  drive 
shaft.  An  in-house  designed  and  built  digital-to- 
analog  (D/A)  convsrter  processed  the  encoder  out- 
put signal,  and  its  output  was  fed  to  a difference 
amplifier  with  compensation  ciicuitry.  Vhe  12-bit 
D/A  converter  defined  the  range  and  quantization 
bit  resolution  values  available  for  the  drive  servo 
as  shown  in  Table  I.  The  211.25  deg  range  with 
the  0.011-deg  quantization  bit  resolution  was  used 
for  this  test.  The  drive  servo  position  hysteresis 
for  small  excursions  was  less  than  about  0.001  deg. 
The  bandwidtn  of  the  drive  servo  was  about  10  Kz, 
and  the  short  term  noise  level  was  of  the  same  or- 
der of  magnitude  as  the  position  hysteresis,  i.e., 
0.001  deg.  The  output  of  the  drive  servo  was  used 
to  drive  the  x-axis  of  an  x-y  recorder,  and  the 
torque  meter  output  was  used  to  drive  the  y-axis. 

The  duplex  bearing  pair  tested  was  a Barden 
104H,  Class  5,  with  a bore  diameter  of  20  mm, 
a ball  diameter  of  0.25  in.,  and  race  width  of 
12  mm.  The  bearings  had  been  used  in  a Bendix 
Corporation  test  fixture  and  indicated  signifi- 
cant torque  noise  as  shown  by  the  torque  waviness 
imposed  on  the  hysteresis  locp  in  Figure  10.  In- 
spection of  the  bearings  confirmed  the  suspicion  of 
worn  balls  and  races,  so  a new  set  was  obtained. 
Test  runs  were  male  on  the  new  bearings  for  pre- 
loads of  6,  12,  18,  '4,  30,  and  36  lb.  Fig<  re  11 
is  a typical  hysteres  s trace  obtained  with  the  new 
bearings  for  the  san  e preload  of  24  lb  used  for 
Figure  10. 

It . DATA  ANALYSIS 

For  purjmees  of  analyzing  the  hysteresis  data, 
it  is  advantageous  to  define 

f = F^  - F (9) 

and 

x=x-x(-F^)  (10) 

for  X > 0 (or  f = F - F^  for  x < 0).  Either  the  in- 
creasing or  decreasing  half  of  the  hysteresis  loop 
or  both  can  be  ansdyzed.  The  increasing  half  in 
Figure  1 1 is  shown  with  the  f and  x'  axes  labeled 
in  graph  paper  units  where  the  x'  = 0 axis  passes 
through  the  rate  reversal  point.  In  terms  of  these 


variables  and  assuming  that  f = 2F^  at  the  rate  re- 
versal point  when  x'  = 0 and  that  x c-  O,  Eqs.  (3), 
(4),  (6),  and  (8)  can  be  written  respectively  as 

For  i >0: 


Equation  (12)  can  be  used  in  data  analysis 
parameter  estimation  programs,  but  it  is  nonlinear 
and  is  not  readily  put  into  a linear  form  by  simple 
changes  of  variables. 

The  quantities  df/dx',  f/F  , and  F /f  on  the 

c c 

left  side  of  their  respective  equation  can  be  con- 
sidered as  dependent  variables  and  the  variables 
f and  x'  on  the  right  side  as  independent  variables. 
The  gr^h  of  Eq.  (11)  plotted  as  df/dx'  versus  f on 
the  log-log  graph  paper  is  linear  as  is  the  plot  of 
f versus  x'  for  Eq.  (13)  on  semi-log  graph  paper 
and  the  plot  of  1/f  versus  x'  for  Eq.  (14)  on  rec- 
tangular graph  paper.  Thus,  the  least-squares  fit 
I'near  regression  method  can  oe  applied  to  the  f, 
x'  data  pairs  for  points  on  the  hysteresis  curves. 
Computer  prog.'ams  are  available  on  large  and 
small  computers  to  analyze  data  by  this  method. 
Other  computer  programs  can  be  used  that  fit  non- 
linear functions  such  as  Eq.  (12)  to  a set  of  data, 
but  these  programs  generally  are  available  only  on 
large  computers.  The  programmable  Hewlett- 
Pacl.ard  hand-held  calculators  can  be  utilized  to 
perform  the  linear  regression  analysis,  and  the 
HP  67  and  HP  97  units  h .ve  curve-fitting  program 
cards  that  can  be  used  to  I’t  data  to  straight  lines 
(Eq.  [14]  , exponential  curve-  (E^.  [13]),  logarithmic 
curves,  ind  power  curves  (Eq.  [ll]).  Because  of  its 
conveniei  ce  and  simplicity,  the  HP 67  curve-fitting 
program  w \s  used  in  analyzing  the  bearing  test 
data.  A des  cription  of  the  program  is  given  in  the 
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HP  67  "Standard  Pac."  Some  simple  preprocessing 
of  tlie  data  to  calculate  df/dx  and  1/f  was  necessary 
before  it  could  be  used  in  the  standard  curve-fitting 
program.  The  program  effectively  outputs  the 
parameters  i and  x , for  Eq,  (11)  ;.nd  for 
Eqs.  (13)  and  (14).  The  parame.er  is  initially 
estimatec  by  inspection  of  the  hysteresis  curve 
and  is  sp  cified  by  the  location  of  the  f = 0 «-nd 
x'  = 0 axes  on  the  x-y  test  data  plots. 

V.  RESULTS  AND  CONCLUSIONS 


Test  data  for  the  "running"  or  Coulomb  fric- 
tion were  readily  obtained  by  visually  estimating 
the  horizontal  asymptotes.  Results  are  shown  in 
Figure  12.  Both  old  and  new  bearing  running  fric- 
tion levels  were  effectively  taken  as  the  average  of 
the  near  asymptotic  wavy  torque  level.  The  en- 
velope of  the  old  bearing  asymptotir  wave  peaks 
was  only  5 to  15%  higher  than  the  average  value. 
Thus,  it  appears  from  this  data  that  the  wear  pro- 
cess increases  noise  torque  but  decreases  running 
friction  in  the  mid  to  high  preload  range.  The 
friction  of  the  new  be 'rings  at  the  high  preload  of 
36  lb  appeared  at  first  to  be  an  outlying  data  point. 
However,  the  old  bearing  data  show  the  same 
characteristic  of  suddenly  increasing  at  36  lb  pre- 
load. A 40 -lb  preload  is  considered  a heavy  pre- 
load by  the  manufacturer. 


Results  of  the  curve-fitting  data  analysis  are 

presented  in  Table  II  for  the  new  bearings.  The 

characteristic  angular  displacement  x^  was  found 

from  the  plots  by  drawing  the  tangent  or  the  rest 

slope  CT  = F /x  to  the  curves  at'F  = 0,  and  is  des- 
c c 


ignated  with  the  heading  x^  = F^  /c 


The  curve  fit 

program  was  used  to  find  the  parameters  i and  x 

from  the  power  fit  for  Eq.  (11)  as  well  as  the 

parameter  x^  from  the  exponential  fit  for  Eq.  (13) 

and  from  the  linear  fit  for  Eq.  (14).  Results  are 

listed  in  the  table  with  the  coefficient  of  determi- 
2 

nation  r , which  indicates  goodness  of  fit,  and  the 
friction  range  where  the  fits  are  good,  < 

f < 2F^.  The  curve  fits  de-viate  from  the  experi- 
mental curves  for  f values  below  f,  ,,,. 

LfiM 

It  seemed  important  for  each  curve  fit  to  have 

approximately  the  correct  value  of  rest  slope  a, 

and  so  the  data  for  f < were  deleted  because 

the  value  of  x determined  from  the  fit  deviated 
c 

excessively  from  the  rest  slope  value  if  that  data 


were  included.  Thus,  even  though  the  i = 1 and 

i = 2 fits  have  better  coefficients  of  determination 

than  the  power  curve  fit,  they  will  not  fit  the  data 

over  as  wide  a range  and  still  have  the  correct 

rest  slope.  With  this  in  mind,  it  is  observed  th-ti 

values  of  x^  for  the  power  fit  curves  are  about  15% 

below  the  graphical  x^,  i = 1 fit  curves  have  vaducs 

for  x^  slightly  higher  than  the  graphical  -'alues, 

and  the  i e 2 fit  curves  have  values  for  :i  that  are 

c 

about  50%  below  the  graphical  vtilucs. 

It  is  concluded,  as  a result  of  this  testing,  that 
ti  e i •=  2 fit  curves  are  not  as  accurate  as  the  i = 1 
and  i '5=  1.  5 fit  curves.  A useful  observation  is 
that  the  i = 1 fit  curves  give  results  over 

abou*-  FS*".  o{  the  ranc;,  of  friction  change  from  -F^ 
to  +F^.  They  also  give  a good  fit  for  the  rest 
slope. 

It  is  important  to  observe  that  the  value  of  x^ 
is  approximately  constant  and  independent  of 
preload. 

Anotier  important  conclusion  that  can  be 
drawn  from  these  data  is  that  the  SFM  exponent 
paramt  ter  i is  approximately  constant  and  has  an 
average  value  of  abo  jt  1.5. 
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Figure  3.  Solid  Friction  Behavior 


Figure  4.  Gear-Shaft  Stiffness  witli  Hysteresis 
*(as  Measured  at  Output  Shaft) 
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Figure  6.  Gear-Shaft  Stiffness  witli 
Hysteresis  and  Backlash 
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Figure  10.  Old  Bearing  Hysteresis  Loo]) 


ning  Friction  versus  Preload 
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Table  I.  Drive  Servo  Range  and  Resolution 


Quantization  Bit 

— 

Range  (deg) 

Resolution  (deg) 

Scale  Factor  (V/deg) 

±0.703 

0.00069 

14.222 

±2.81 

0.0027 

3.  555 

±11.25 

0.0110 

0.8888 

±45.0 

0.044 

0.2222 

±180.0 

0.  176 

0.05555 

